A compilation of the optical constants of ice Ih is made for temperatures within 60 K of the melting point. The imaginary part mim of the complex index of refraction m is obtained from measurements of spectral absorption coefficient; the real part mre is computed to be consistent with mim by use of known dispersion relations. The compilation of mim requires subjective interpolation in the near-ultraviolet and microwave, a temperature correction in the far-infrared, and a choice between two conflicting sources in the near-infrared.
Introduction
Theoretical calculations of absorption, transmission, reflection, emission, and scattering of electromagnetic radiation in ice, and in ice-containing media such as snow and clouds, require knowledge of the laboratory measurements of the complex refractive index m of pure ice as a function of wavelength. m is a complex function, m(X) = mre (X) -imim (X), where X is the wavelength in vacuum, mre is the usual refractive index which determines the phase speed, and mim is related to the absorption coefficient kabs, as kabs = 4rmim/X.
(We will often refer to the imaginary part of the complex index of refraction as the imaginary index of refraction, and similarly for the real part.) In the microwave and radiowave spectra it is more usual to report the complex relative permittivity e = ' -", or the dielectric constant e' and loss tangent, tan =-e/e'. In nonmagnetic materials (such as ice) they are related to the complex refractive index m which we report as M2= .
A. Earlier Reviews
The optical constants of ice have been reviewed by Irvine and Po]lack 1 (IP) for the infrared, by Evans 2 for the microwave and radiowave regions, and by Ray 3 and by Hobbs 4 for the entire spectrum. The data recommended by IP have been superseded by better measurements everywhere except in the 1. 4 -2 . 8 -Am region.
Ray fitted analytical formulas to the compilation of IP and to a few points in the microwave, but he ignored
In 1980, Wiscombe and Warren 5 compiled the optical constants for the visible and near-infrared, but that compilation also has been superseded by new measurements. There are now many new measurements available with which to prepare a better compilation of m from the far-ultraviolet through the far-infrared. However, there has been little additional reliable work on microwave optical properties of ice since Evans's (1965) review, so for that part of the spectrum we rely mostly on the references which he cited.
B. Crystal Forms of Ice
About ten different phases of ice have been discovered, but most of them can occur only at very high pressure and have only been observed in the laboratory.
The three which exist at low pressures are ordinary hexagonal ice Ih; the cubic form ice Ic which can remain stable at temperatures as high as -800 C but must be formed by condensation of vapor at lower temperatures; and amorphous (or vitreous) ice, which forms by condensation of vapor at even lower temperatures. The only form ever observed to occur naturally on earth is ice Ih. Temperatures in tropical cirrus clouds may be cold enough to contain ice Ic, and Whalley 6 has speculated that ice Ic could be responsible for a rare halo that cannot be explained by hexagonal crystals. However, even if that speculation is correct, it does not complicate our specification of the optical constants: in the spectral regions where optical properties of both Ih and Ic have been measured (ultraviolet and far-infrared, as discussed below) they are practically identical. The high-pressure forms of ice also do not exist naturally on earth. Even under the deepest parts of the Antarctic ice sheet, the pressures are insufficient to form ice II or ice III. This review is therefore restricted to the optical properties of ice Ih, but the results can probably be used for Ic as well.
The ice crystal is very slightly birefringent, so that the refractive index varies with orientation of the crystal and polarization of the light. However, the birefringence is so slight that we may safely ignore it. This has been shown by measurements of m on single crystals both in the ultraviolet 7 and in the far-infrared. 8 Thus we are able to use measurements made either on single crystals or on polycrystalline ice (bulk ice made up of crystals whose axes do not coincide), and we need not report two different sets of optical constants. [The reasons for near-isotropy of the ice crystal to radiation are explained by Johari 9 (p. 631).]
C. Features of the Ice Spectrum
The causes of the variation of m with wavelength for ice have been reviewed by Johari. 9 Ice exhibits strong absorption in the ultraviolet (UV) at X < 170 nm, due to electronic transitions. Ice is very transparent in the visible, mim reaching its minimum value at X = 460 nm.
There are weak absorption bands in the near-infrared at X > 1.4 um, which have not been assigned to particular vibrational transitions. The very strong band at A 3 m is due to vibrational modes involving stretching of the 0-H covalent bond. A band at 12 um is due to rotational oscillation (libration). Up to this
wavelength the spectrum of ice shows similarities to the spectra of liquid water and water vapor. The strong far-infrared absorption bands at 45 and 60 Am, however, are due to lattice vibrations which have no counterpart in water vapor, and the spectrum of liquid water is also quite different in this region. The absorptivity again drops to low values in the microwave region, and remains small until the dielectric relaxation peak is approached at a frequency of -3 kHz (wavelength 100 km). The dielectric relaxation of liquid water, by contrast, occurs at A\ 20 mm. 3 The dielectric properties of ice and water are therefore dramatically different over -7 orders of magnitude in frequency in the microwave and radiowave regions; water is highly reflective, but ice is quite transparent.
D. Measurements: Purposes and Methods
This review is written with geophysical applications in mind, so emphasis is placed on obtaining the optical constants for temperatures T between 00 and -60'C. In this high-temperature region, the temperature dependence of the optical constants is poorly known.
However, based on suggestive evidence from near-ultraviolet and far-infrared measurements discussed below, the temperature dependence for X < 100 Am is likely to be small within 60 K of the melting point. At longer wavelengths, mim becomes increasingly sensitive to temperature as X increases. We report a temperature-dependent m for A > 167 Am, tabulating it at four temperatures: -1, -5°, -20°, -60'C. For A < 167 ,m we attempt a compilation only for one temperature, T = -7°C, which is the temperature of Schaaf and Williams's 1 0 infrared measurements, but we expect it to be valid for most temperatures that would be found on earth.
Unfortunately for geophysical applications, much of the spectrum of ice has been measured only at temperatures much colder than any terrestrial temperatures, and we must attempt to adjust these results to values appropriate for warmer temperatures. Many of the measurements we use were made not for the purpose of geophysical application, but rather to understand the behavior of the water molecule within the ice lattice. The spectra are usually easier to interpret at lower temperatures. Studies of the electronic structure in the ultraviolet 7 were thus made at 80 K; studies of the lattice vibrations in the far-infrared 1 were made at 100 K.
Measurements at temperatures near 0C were made in the visible, near-infrared, middle-infrared, and rad- The real index mre is obtained by reflectance measurements from a plane-shave ice block. The Fresnel formulas give mre unambiguously if mim is small. The real index mre is thus known reliably, and independently of mim, in the regions of weak absorption (visible and microwave). I
In regions of large imaginary part (mim > 0.01 mre), the Fresnel reflectivity is no longer dominated by mre but also contains a measurable contribution due to mim. A relationship between mre and mim can be obtained by using dispersion analysis. 1 3 Reflectance measurements can thus be used to determine both mre and mim, but for this method some prior information is also needed about mre or mim outside the region studied.
The real index is of the order unity at all wavelengths short of the dielectric relaxation; the imaginary index, 16 The difference of 0.47 between these values can be attributed to an integral of mim between these two wavelengths, in another KramersKronig relation,
where v = 1/N. Since these two values of mre are accurately known, we use them to constrain our correction in the far-infrared from measurements of mim at 100 K to our estimate for 266 K. As explained below, the dominant contributions to the integral in Eq. (2) The following references are listed more or less in order of increasing wavelength: Seki et al. 7 (1981) grew a single crystal of hexagonal ice and cooled it to T = 80 K for measurement of the reflectivity from 44 to 207 nm, using polarized synchrotron radiation as the light source. Kramers-Kronig analysis was used to obtain ' and e". Usable values of e" were obtained only for 44-160 nm, because e" becomes too small beyond 160 nm to be constrained by the Kramers-Kronig analysis. The corresponding values of mim are plotted here in Fig. 1 . The spectrum was measured for light polarized parallel and perpendicular to the c axis of the crystal, with identical results to within the experimental error of 3%. Amorphous ice was also studied. Its spectrum was somewhat smoother; the peaks at 70 and 140 nm were both weaker.
Daniels' 9 (1971) reported energy-loss measurements from fast electrons for ice (probably amorphous) condensed from vapor at T = 78 K, obtaining significant 20 (1968) condensed ice at temperatures between 83 and 203 K and measured the UV absorption spectrum from 7 to 10 eV (177-124-nm wavelength). The peak at 144 nm (shown in Fig. 1 here as obtained by other investigators) was found only for temperatures in the range where cubic ice would be expected. However, Daniels1 9 found this peak for amorphous ice, and Seki et al. 7 found it for both amorphous and hexagonal ice. This discrepancy has not been explained.
Onaka and Takahashi
Otto and Lynch 2 ' (1970) measured the electron energy-loss spectrum in the UV (5-35 eV) for ice frozen from liquid water and cooled to -10°C. It was thus probably polycrystalline hexagonal ice. These measurements were unfortunately only qualitative, but they differ notably from those made at lower temperatures: Otto and Lynch found only a shoulder at 144 nm instead of a peak. Daniels1 9 speculated that Otto and Lynch's failure to obtain the peak was due to poor spectral resolution, but we cannot rule out the possibility that the spectrum depends on temperature near the melting point. 7 are the ones used in our compilation. They are for a hexagonal single crystal at 80 K, both polarizations. The dashed line extending from point C to longer wavelengths is our chosen interpolation where no data are available. Painter et al. 2 6 (1969) reviewed measurements of mim for liquid water in the near-UV (their Fig. 9 ). Measurements from a variety of authors were in substantial agreement. We have drawn a single smooth curve through their Fig. 9 from 160 to 200 nm and included it in our Fig. 2 here, because we will use it in our argument for the interpolation of the ice mim.
B. Compilation of Imaginary Index
The only available measurements of light absorption by hexagonal ice in the ultraviolet short of 130 nm are those of Seki et al. 7 They are plotted together with Daniels's' 9 measurements in Fig. 1 . The values of Seki et al. are preferred to those of Daniels because Daniels's spectral resolution was poorer, his measurements used electrons instead of photons, and his ice was probably amorphous rather than hexagonal.
Seki et al. 's measurements were taken at 80 K. The spectrum may be somewhat different at higher temperature, but probably not by much, based on the small temperature dependence from 83 to 160 K of the UV spectra of D 2 0-ice shown in Fig. 4 of Shibaguchi et al. 2 4 Dressler and Schnepp 2 2 also found no difference between amorphous ice (77 K) and hexagonal ice (160 K) in their absorption at 140-170 nm. However, all this evidence for weak temperature dependence comes from measurements well below the melting point. The qualitative spectrum of Otto and Lynch 2 l near the melting point shows a shoulder instead of a peak at 144 nm. There is thus a need for ultraviolet measurements near the melting point to resolve this discrepancy.
Based on the above discussion, we choose the values of Seki et al. 7 for 45-161 nm. Beyond 161 nm, the absorption is too small for mim to be obtained accurately by their reflection measurements. There are short gaps between available measurements (Fig. 2) in the 161-181-nm region. We choose to join points A and B in and BA, but we note that our interpolation passes close to both of their results for 160-170 nm. for 700-1100-nm, and 8.2 mm for 1000-1400-nm wavelength. The ice was demonstrated to be almost completely free of bubbles. These measurements supersede those of Sauberer. 2 7 The wavelength resolution is given by Grenfell 2 8 : the full bandwidth at halfmaximum is -20 nm at X = 400 nm and 30 nm at X = 1400 nm.
There is a gap in measurements between 185 nm (Minton 2 5 ) and 313 nm (Sauberer 2 7 ) where it is difficult to guess the actual behavior of mim. In fact, we choose not to use Sauberer's measurements at all because they disagree by a factor of 2 with the more accurate measurements of Grenfell and Perovich1 2 (GP) where they overlap at 400 nm. We therefore have to interpolate between Minton's value at 185 nm and GP's value at 400 nm. This interpolation is shown as a dashed line in Fig.  3 . Here again, the behavior of liquid water (also plotted in Fig. 3 ) serves as a guide and as evidence that no electronic absorption features occur in the region of interpolation. Essentially, we are taking Minton's measurements at 185 nm as evidence that mim of ice is less than that of liquid water over most of the spectral region that has never been measured for ice. We put high priority on the measurement of the absorption coefficient of ice in this spectral region, because of its geophysical importance. The solar spectrum contains a large amount of energy in the 200-400-nm region, and most of the sunlight at 300-400 nm reaches the earth's surface, where it is important in the energy budgetg of natural snow and ice surfaces.
For the 400-1400-nm region, we use the measurements of GP. They supersede the values of Luck 2 9 which had been recommended by Irvine and Pollack' for 1100-1400 nm.
IV. Near-Infrared, 1.4-2.8 Am

A. Sources of Data
In the 1.4-2.8-,um spectral region ice has an absorption coefficient that is too small to affect reflection measurements, yet it is large enough that very thin samples (a few hundred Aum) must be used to obtain measurable transmission.
Reding 3 0 (1951) placed liquid water between two AgCI windows, froze it, and cooled it to T = -78°C. It was therefore polycrystalline and probably not bubble-free. Two samples were measured, but the 48-ium thick sample was unusable because of excessive scattering of light by cracks and bubbles. For the useful sample, the separation was 250 m when the liquid was which is correct, but favors the percent-transmission scale, which agrees with the reproduction of his spectrum in Fig. 3 of the paper by Hornig et al. 3 1 In their review article, Irvine and Pollack' apparently assumed the opposite.
No mention was made of a correction for reflection at the interfaces. A neglect of this correction would cause mim to be underestimated, because less reflection occurs at an ice-AgCl interface than at an air-AgCl interface. By contrast, the other sources of error (scattering by bubbles, and increased separation of windows during freezing) would cause mim to be overestimated.
These errors may be much larger than the 20% uncertainty due to Reding's mislabeling of the axes. ice on a glass window and measured their spectra at -30'C and-178°C for 1.4-2.5 jim. There was almost no difference in the absorption for light polarized parallel and perpendicular to the c axis; we take the average of the two. There was, however, a substantial effect of temperature. As the temperature drops from -30'C to -178 0 C, the spectrum is shifted to longer wavelengths and has more structure and sharper peaks. A subsidiary minimum and maximum found by Ockman around 1.65 gum only at the colder temperature has also been observed in the reflectance spectra of laboratory frosts 3 3 ' 34 to disappear at higher temperature. Ockman measured his sample thickness more accurately than did Reding. Ockman (personal communication, 1983) was able to provide us a graph of the absorption spectrum of the thickest crystal (358 m) which had been omitted from his thesis. We have converted those values to mim and ploted them in Fig. 4 . The exaggeration of mim in regions of large transmission is evident in Fig. 4 5 and 6 of Ockman 3 5 ). The losses due to scattering or unexpected interfaces thus more than offset the difference in known interface reflections between sample and blank, so we choose not to correct for those reflections. The obvious presence of scattering in these measurements suggests that we should always take the lowest values of mim, whenever two samples disagree. It appears (Fig. 4 ) that the thicker (358-gm) sample is more reliable.
B. Compilation of Imaginary Index
Our compilation in this region will be uncertain to about a factor of 2. This is a region that needs to be remeasured carefully at temperatures near 0°C with the aim of establishing quantitative values rather than just the location of peaks and shoulders.
The rationale for our choices is that (a) transmission measurements give inaccurate values of mim when transmission exceeds -80%;
(b) the spectrum shifts to shorter wavelength as the temperature is raised; and (c) Ockman's 3 2 measurements were apparently made more carefully than Reding's. 3 0 Irvine and Pollack' used Reding's data everywhere except in his data-gap between 1.97 and 2.13 m, because Reding had used a thicker sample than the one Ockman published. They estimated temperature corrections from Ockman's measurements at two temperatures. Our approach is to use Ockman's data for the 0.1-mm sample with no correction (i.e., to assume no temperature dependence between -30 0 C and -7 0 C) except in the regions where his transmission exceeded 80%. Ockman's results are generally to be preferred because he made them at temperatures close to the melting point, and knew his sample thicknesses more accurately.
We join the values of Grenfell and Ockman supplied the plot of the spectrum from the thicker (358-jim) sample after the compilation in this paper had been completed. In the regions where we are using Ockman's measurements, the differences between samples are judged not to be large enough to warrant redoing the compilation, in view of the large uncertainties in the measurements when mim is small. The spectrum of the thicker sample (plotted in Fig. 4) suggests, however, that our compilation of mi is probably as much as 15% too high from 1.44,m to 1.63 jim, because we used the 0.10-mm sample.
This compilation is somewhat different from that given by Wiscombe and Warren. 5 They simply took Irvine and Pollack's' recommendation and applied the suggested temperature correction to -7°C.
V. Middle Infrared, 2.8-33 ,lm
Schaaf and Williams' 0 (1973) measured the reflection spectrum of ice at -7 0 C formed by freezing of liquid water, so it was undoubtedly polycrystalline. They used the Kramers-Kronig analysis to obtain mre and mim. This method does not give mim accurately when mim << mre, so their values of mim are inaccurate for < 2.78 jim (dashed line in Fig. 4) , and also at were not known, we use these data only to estimate a temperature correction, not to obtain absolute values of mim. BW (their Fig. 3 ) also showed that the spectrum of ice Ic is identical to that of ice Ih in this spectral region. They also showed that the two strong absorption bands (at 229 and 163 cm-') are both due to lattice vibrations. Amorphous ice, by contrast, lacks the structure shown in Fig. 5 and has only a single broad peak, as is also shown in Fig. 2 of Leger et al. 3 9 Because these absorption bands are due to lattice vibrations, they are completely absent in water vapor. Bertie, Labb6 and Whalley" (1969) (BLW) measured transmittance, at T = 100 K only, through thin films of ice Ih of a variety of thicknesses, using the same techniques as had Bertie and Whalley. sumably hexagonal polycrystalline ice). They measured the absorption spectrum from 42 to 17 cm-' at both 100 K and 200 K. These measurements are plotted in Fig. 6 . They supersede the preliminary measurements of BLW1" where they overlap them, because BLW's 1-mm thick ice block was too thin for accurate absorption measurements at v = 30 cm-'. The absorption coefficient was expected (theoretically) to be where their spectra overlapped.
These authors did not correct their absorption measurements for reflection at the interfaces. They assumed that the reduction in transmission was due entirely to absorption (after subtracting the spectrum of the empty cell), computed mim(X), and used a Kramers-Kronig relation to obtain mre (X). They recognized that this procedure leads to some error, the worst case being a neglect of -27% reflection at v = 229 cm-1. As they stated, this "undoubtedly means that the absorptivity and hence the reflectivity are overestimated by an uncertain amount in this region." They properly should have used an iterative procedure, computing reflection from m, then recomputing m, etc., until achieving self-consistency. Because the uncertainty in our procedure for correcting the 100 K data of BLW to 266 K is much larger than the error due to neglect of reflection by BLW, we have not reinterpreted BLW's transmission measurements for the present compilation.
BLW reported mre and mim for ice at T = 100 K in the 4000-60-cm-1 wave number region (2.5-167-jim wavelength). They also obtained some "preliminary and not very accurate" measurements of a 1-mm sample for 60-30 cm-'. This long-wavelength end of their results is shown here as the dashed line in Fig. 6 .
Their conclusion regarding /Žmre (microwave-visible) was that 74% of the difference was due to the translational bands in the far-infrared; 15% to the hinderedrotation band at 12 jim, and 7% to the 3-jim OHstretching band. We use this information in Sec. VIII below as a guide to adjusting our temperature correction in the far-infrared.
Whalley and Labb6 4 0 (1969) (WL) grew blocks of ice
of unspecified thickness by freezing liquid water (pre-
B.
Compilation of Imaginary Index
Our source of mim for 33-167 jim is BLW."1 Their measurements at 100 K must be corrected to 266 K for our use, because no measurements are available near the melting point. Our procedure for estimating a temperature correction is somewhat arbitrary. We use the relative measurements of BW 3 8 at 100 and 168 K (120 K) to estimate the temperature dependence. We note that the peaks become less sharp and shift to longer wavelength as the temperature increases. Using these two plots as a guide, we draw a subjective guess of the spectrum at 266 K, assuming these processes of broadening and wavelength shift to continue linearly with temperature (dashed line in Fig. 5 ). The temperature correction is then derived as the ratio of the 266 K plot to the 100 K plot. The ratio does not agree among samples where the spectra of two samples overlap. In these overlap regions, we choose the sample that gave a temperature correction closest to 1.0. This correction factor is plotted in Fig. 7 . It is also constrained to make BLW's mim at 300 cm-1 agree, after correction, with that measured by Schaaf and Williams1 0 at 266 K (Fig.  8) . The correction is applied to the mim of BLW; the result is shown as the dashed line in Fig. 9 . By this procedure, the 229-cm-1 peak at 100 K moves to 209 cm-1, somewhat further than the 214 cm-' expected from measurements of the peak position published in Fig. 4 of Zimmermann and Pimentel. 4 ' This is our initial guess of mim. In Sec. VIII below we will adjust the peak position to 214 cm-' and then slightly adjust the magnitude of mim in order to match the known Amre (microwave-visible), obtaining finally the dotted line in Fig. 9 .
We assume that no temperature correction is necessary at v = 60 cm-' ( = 167 jm). This is suggested by there. The interpolation between the temperature-corrected mim at 100 cm' and the measured mim at 60 cm' (Fig. 9) ignores the wiggles seen in the data in this region, on the assumption that they would be broadened and smoothed at higher temperature.
For N> 167 jim the temperature dependence of mim becomes appreciable even near the melting point. Our compilation for T = -~60o C connects point A (BLW) in mm, at temperatures from 0 to -18'C, with a precision of better than 5%. Ice grown from three sources (distilled water, tap water, and melted snow) all gave the same loss tangent. Cumming confirmed his intrument's calibration by obtaining good agreement with the known loss tangent of other materials.
Perry and Straiton 4 5 (1973) obtained corrected
values of e' and e" at -28oC, X = 3.1 mm, after Gough 4 6 pointed out that they had earlier 4 7 reported a wrong 10-4. This is not inconsistent with our compilation but is too uncertain to be of any use to us.
Westphal (unpublished) measured loss tangent of natural glacier ice from three locations, for temperatures from -1C to -60'C and frequencies from 150 MHz to 2.7 GHz (2-m-111-mm wavelength. The measurements were reviewed by Evans 2 and tabulated by Jiracek.1 7 (Jiracek pointed out that the earlier presentation of Westphal's data by Ragle et al. 4 9 was incorrect because of lack of a multiplier.) Westphal found that annealing the ice at -10 0 C for a few hours resulted in lower losses, so the results were reported for the annealed samples. constant at e' = 3.2 in this spectral region. We deduce min (shown in Fig. 10 ) from the reported loss tangent by use of a constant e' = 3.2 instead of von Hippel's e, but since von Hippel's e was in error we suppose his tanb may also have been in error. 
B. Compilation of Imaginary Index
We use data from Mishima et al., 8 Cumming, 4 4 Westphal (as tabulated by Jiracek 17 ), Johari and Charette, 5 3 and Johari. 5 4 All other measurements are ignored, as discussed below. There are several other conflicting sets of measurements in this region. Let us consider them in turn.
300 im-111 mm
Perry and Straiton 4 5 gave a value of mim at X = 3.2 mm, T = -280 C which looks realistic, but we choose to ignore it because of severe doubts about the accuracy of their experimental technique. 4 6 Lamb 4 2 measured mim (T) at X = 30 mm; Lamb and Turney 4 3 at N = 12.5 mm. These are lower by a factor of -2.5 than Cumming's 4 4 measurements at 32 mm. It is difficult to choose between the results of Cumming and Lamb. Evans 2 stated that errors can only lead to higher reported mim, which means that Lamb should be favored. However, Cumming's measurements seem to have been made more carefully (Johari, personal communication, 1981) . Furthermore, because of the general trend of mim with X here, it is very unlikely that the measurements of Lamb and Turney and of Lamb can both be correct. Here we choose to ignore both of them, and to use Cumming's values. However, on theoretical grounds there is no reason to expect anything other than the frequency-squared dependence of kabs through this spectral region.8 Our interpolation for -60'C agrees generally with the frequency-squared dependence, but at the higher temperatures our compilation deviates from the theoretical relation because we choose to believe the measurements of Cumming. Although there are no reliable measurements of mim between 1.25 and 32 mm, we can be sure that there is no strong absorption band in the unmeasured region, because the infrared absorption bands fully account for the measured microwave mre. 11, 16 This is also substantiated by the qualitative observation of Champion and Sievers 5 5 that ice is "completely transparent" at X = 2.5 mm.
111 mm-8.6 m
For 111 mm-2 m we use Westphal's data from Ward Hunt Island Glacial Ice (Table II of Jiracek 17 ) . The results were the same in Tuto Tunnel, Greenland, but were generally higher at Little America V. We follow Evans's 2 recommendation and use the lower values. m, but only at -5°C. The temperature dependence becomes extreme in this region, so we stop our compilation at 8.6 m. The longer wavelengths have also been adequately covered in other review articles.
VIII. Adjustment of Far-infrared Absorption Spectrum
We now refine our temperature correction to mim in the far-infrared until we obtain the correct difference between visible and microwave real indices, using the Kramers-Kronig relations.
A. Real-Index-of-Refraction Reference Points
The real index can be measured independently of the imaginary index if mim << mre. The real index is well established in the two regions of the spectrum where the absorption is very small: visible and microwave.
We use the refractive index reported at X = 589 nm by Merwin. 1 5 Ice is very slightly birefringent; mre = 1.3090 for the ordinary ray, and 1.3140 for the extraordinary ray. These values differ by only one part per thousand, and we simply average them to obtain mre = 1.3097 for polycrystalline ice.
The real refractive index is constant over a large region of the microwave and radiowave spectrum and is the square root of the limiting high-frequency permittivity E-. Goughl 6 has measured e' for ice Ih from T = 2 K to 270 K at frequencies up to 1 MHz, extrapolating to en,. His data were found to fit very well to a quadratic function of temperature:
e-= 3.093 + 0.72 X 10-4 T + 0.11 X 10-5 T 2 .
This gives us mre = 1.7772, 1.7837, 1.7865, and 1.7872
at our referencetemperatures -60, -20, -5, and -P C, respectively. We assume these to be valid at X = 200 mm. This slight temperature dependence is due to the temperature dependence of the far-infrared absorption spectrum. For the Kramers-Kronig analysis we use the value for -7°C, mre = 1.7861. This gives us a difference between the two real indices, Amre = 0.4764.
B. Refinement of Temperature Correction
The temperature correction which was guessed by extrapolating from Bertie and Whalley's 3 8 low-tem- Zimmerman and Pimentel. 41 They show the peak value at v = 214 cm-1 for T = -7°C. Second, when we perform the Kramers-Kronig integral (2) to obtain Amre, we obtain Amre slightly (<1%) different from the correct measured value of 0.4764.
Our procedure is first to shift the absorption spectrum to higher frequency so that the peak position comes to 214 cm-1 , and second to raise mim until we obtain the correct Amre. These adjustments are both applied only for 100 v 300 cm-', with maximum adjustment at 200 cm-' and no adjustment at 100 or 300 cm-'. The adjustment is further refined during the complete analysis of mre () described in Sec. IX below, resulting in the dotted line in Fig. 9 .
IX. Computation of Real Index
We compute mre () from mim () using two different methods and obtain identical results at all wavelengths with both methods. The first method is the KramersKronig (KK) integral used by Downing and Williams 5 6 and Bertie et al.
This equation is equivalent to Eq. (1) but is more convenient for numerical computations because its singularity is of type 0/0.
The second method is the subtractive-KramersKronig (SKK) integral recommended by Ahrenkiel 5 7 and by Bachrach and Brown, 5 8 used by Hale and Querry 14 in their compilation of liquid water refractive index:
The SKK method requires specification of a known 
The singularity is of type 0/0, and the contribution of (5) to (3) is always negligible with the fine grid we use.
The integral in (3) runs from zero to infinity, so we must postulate mim outside the measured range. Our computed mre turns out to be very insensitive to how this assumption is made. For > 8.6 m we use mim as given by Johari 5 4 for 8.6 m < X 600 m, and by Ray 3 for > 600 m. For < 45 nm we extrapolate mim from 45 nm linearly in to mim = 0 at = 33 nm. A soft-x-ray absorption band is postulated in the 2.33-2.40-nm region, peaking at 2.36 nm, corresponding to the emission spectrum measured qualitatively by Gilberg et al. 5 9 for ice Ih and Ic. This also agrees more or less with the peak postulated for liquid water in Hale and Querry's 1 4 SKK analysis. We are unaware of any other absorption band between 2.4-and 45-nm wavelength. We first adjust the magnitude of this postulated x-ray band until we obtain the correct observed value of mre in the visible, and then proceed to compute mre at all wavelengths. As long as its amplitude is adjusted to obtain the correct visible mre, the exact shape and location of this peak has no effect on mre ( > 45 nm) unless it is moved to con- Seki et al. 7 performed a KK analysis to interpret their ultraviolet reflectance measurements, obtaining both mre and mim. They did not state what assumption they made for the soft-x-ray band. When we do the KK analysis with the above assumptions, we obtain slightly different values of mre than they obtained, as shown in Fig. 11(a) . This suggests that whatever Seki et al. assumed was equivalent to assuming a band centered at 8 nm instead of at 2.4 nm. The difference shown in Fig.   11 (a) can thus be taken as the uncertainty in the ultraviolet mre due to lack of knowledge of mim for X < 45 nm.
The same comparison can be done with Schaaf and
Williams's 1 0 middle-infrared mre, since they also made reflectance measurements and performed a KK analysis to interpret them. They had to assume a temperature correction for BLW's far-infrared measurements, as we have done, in order to obtain values of mim outside their measured region. They did not state how they did this temperature correction. Comparison of their mre with ours shows excellent agreement. The differences are smaller than the width of the line in Fig. 11(b) . Apparently we have independently arrived at the same far-infrared temperature correction that Schaaf and Williams used.
We also test the sensitivity of our results to the termination point of our integration at long wavelength. Differences in mre appear only at the longwave end of our compilation ( = 8.6 m), in the 5th decimal place, may be taken as the difference between the dashed and solid lines in Fig. 11(a) . It is at worst -0.05 at X = 45 nm. The only other spectral region where the uncertainty in mre is much larger than the width of the line wavelength. This is because the uncertainty in mim between 33 and 167 jm (Fig. 9 ) will significantly affect mre in a somewhat expanded region. New measurements near the melting point in the far-infrared would very likely alter our compilation of both mre and mim in that region.
The complete compilation of mre and mim is shown in Fig. 11 and tabulated in Tables I and II .
X. Summary and Recommendation for Needed Measurements
A compilation of the complex refractive index of ice from the ultraviolet to the far-infrared has been made for temperature T = -7°C, and recommended for use at temperatures between -60°C and 0C. A temperature-dependent refractive index is compiled for the microwave. Because of the uncertainties discussed above, these compilations may be considerably in error in some spectral regions. New measurements of the absorption coefficient of pure ice within 60 K of the melting point are needed in five wavelength regions: It is quite clear that the doing of infrared spectroscopy without a modern Fourier transform instrument is foolish besides being declasse. Peter Griffiths gives us an almost up-to-date list of specifications to take along to market (a slightly more current version-also by Griffiths-appeared in the 21 Oct. 1983 issue of Science). Griffiths describes the history of FTIR, the design of several of the commercial instruments, optical layouts, low-cost interferometers, and data systems. The smart FTIR shopper is well-advised to read this article carefully before writing his RFQ.
The last chapter of this volume, by C. G. Cureton and D. M. Goodall, is devoted to the several kinds of vibrational photochemistry being done today. These largely fall into three categories: single photon electronic excitation (followed either by energy transfer to another electronic state or to a high-lying vibrational level of the ground state); single photon vibrational excitation (followed by energy transfer into the reaction coordinate by V-V relaxation); and multiphoton vibrational excitation leading to dissociation either from an excited electronic or vibrational state. The authors have had the wisdom of beginning with a long section devoted to "concepts," which concentrates on some simple but necessary reminders about pump and population relaxation rates, how multiphoton absorption is thought to work, energy distributions in molecules, RRKM theory, relaxation, and selectivity. This is followed by a section on multiphoton vibrational chemistry which includes a discussion of various detection techniques, including spontaneous vibrational and electronic fluorescence as well as laser-induced fluorescence. This section is a cornucopia of dissocation reactions-food for thought for those who contemplate study of unstable species by any technique. This section closes with subsections on reactions of nascent photofragments and on isotope-selective photochemistry.
Only after all of this is single photon photochemistry discussed. The chapter ends with a 13-page table summarizing three years' worth of published work (1979) (1980) (1981) .
Taken altogether, one can only conclude that vibrational spectroscopy was alive and well as of 1983. One final thought: It may be an accident of the editor's choices of chapter subjects, but one cannot help but be impressed with the contributions of G. C. Pimentel and his students that are to be found throughout this volume, both current and past. In order of the chapters in this volume, matrix isolation, the oriented gas model, and single photon vibrational excitation are but a few examples of those contributions.
ROBERT M. HEXTER
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